Reflector edges, sharp acceptance angles and by-pass diodes introduce large variations in the electrical performance of asymmetrical concentrating photovoltaic/thermal modules over a short incidence angle interval. It is therefore important to quantify these impacts precisely. The impact on the electrical performance of the optical properties of an asymmetrical photovoltaic/thermal CPC-collector was measured in Maputo, Mozambique. The measurements were carried out with the focus on attaining a high resolution incidence angle modifier in both the longitudinal and transversal directions, since large variations were expected over small angle intervals. A detailed analysis of the contribution of the diffuse radiation to the total output was also carried out. The solar cells have an electrical efficiency of 18% while the maximum measured electrical efficiency of the collector was 13.9% per active glazed area and 20.9% per active cell area, at 25˚C. Such data make it possible to quantify not only the electrical performance for different climatic and operating conditions but also to determine potential improvements to the collector design. The electrical output can be increased by a number of different measures, e.g. removing the outermost cells, turning the edge cells 90˚, dividing each receiver side into three or four parts and directing the tracking, when used, along a north-south axis.
Introduction
The electrical part of an asymmetric compound parabolic concentrating (CPC) photovoltaic/thermal hybrid (PV/T), collector has been investigated. The radiation is concentrated onto an aluminium thermal absorber on which PV cells have been laminated. The cells were laminated on both the upper and the lower side of the absorber. The front side works like a standard PV module without concentration while the backside receives solar radiation from a parabolic reflector such as illustrated in Figure 1 . Even though the concentration factor of the collector is low, equal to 1.5, the PV cells can still reach high temperatures. This will reduce the electric production and cooling is required in order to maintain electrical efficiency. This is carried out by running water inside the thermal absorber. By using the heat generated in the absorber, the PV/T collector produces electricity and thermal heat, see Figure 2 . The PV/T system, shown in Figure 1 and Figure 2 , consists of a photovoltaic module, thermal absorber, compound reflector (parabolic and circular), glazed protection and supporting structure. The reflector material is made of anodised aluminium with a solar reflection of approximately 95% [1] . The optical axis for the reflector geometry is normal to the glass of the collector. This defines the acceptance angle for the irradiation of the reflector. If the radiation falls outside this angle the reflectors do not redirect the incoming beam radiation to the backside absorber and the optical efficiency of the collector is thus reduced. Hence, the optical efficiency of the collector changes throughout the year depending on the projected solar altitude. The tilt of the collector determines the amount of total annual irradiation kept within the acceptance interval [2] . The glass cover of the collector is made of low iron glass with solar transmittance of 0.9 at normal incidence angle.
The main objective of this study was to accurately measure the optical properties for the electrical output of an asymmetric PV/T CPC-collector with the focus on edge effects, bypass diodes, acceptance angle and the contribution of diffuse radiation. This information makes it possible to understand how to further improve the collector design and estimate the expected production in different climatic and operating conditions. larger irradiation levels due to the increased concentration. The total area of PV cells on a receiver was approximately 0.58 m² and the active glazed area was approximately 0.87 m² per receiver. Active glazed area was defined as the glazed area where the incident radiation can contribute to electricity production, i.e. the area on top of the cells and the area on top of the reflector in front of the cells, excluding edges, spaces between cells and parts where there was no reflector [3] . Figure 2 shows the electrical connection in red and the water connections in blue. T in and T out represent the temperature sensors placed at the inlet and outlet of the water running inside the collector. T mid represents the temperature sensor at the middle of the receiver. The evaluation of the PVT hybrid collector was only performed for the electrical part. The thermal part was previously evaluated in [2] and further measurements are ongoing.
Method

Experimental Setup and Hybrid Design
Procedure
Since there are many factors that affect the characteristic parameters of a solar collector the measurements have been performed and evaluated in a specific order. The first step was to analyze the efficiency and the temperature dependence of the PV cell module. This part was performed while the incidence angle maximizes the electrical output, i.e. close to normal incidence. Once the temperature dependence was determined, the angular dependence or more accurately, the incidence angle modifier, could be measured.
In reality, it is expected that an electric load is permanently connected to the PV cells and electric power is continuously extracted at maximum power point. However, the presented method of instantaneous I-V curve measurements simplifies the whole test procedure. These results are less expensive and less time consuming to achieve while still maintaining a good level of accuracy. If an electric load were continuously connected, the absorber would be colder since a part of the incoming radiation would be converted to electricity. This would mean lower temperatures and thus slightly lower thermal losses. This difference is however small and has little impact on the results [3] . Since the investigated collector has a closed structure it was not possible to measure the cell temperature directly. Instead, the temperature of the outlet water was measured. This is the limiting temperature of the whole electric output since the hottest cells in the series connected string will limit the energy production.
The transverse incidence angle modifier (IAM t ) is defined by the reduction in electrical efficiency for a given irradiation caused by the increase of the incidence angle between the sun and the normal to the collector in the transverse direction (θ t ). This is exemplified in the left illustration in Figure 3 . From 0˚ to +90˚ the sun's direction is inside the acceptance angle of the reflector and outside from 0˚ to -90˚. The IAM measurements are a combination of all angular effects such as decrease of transmission in the glazing for high incidence angles and shading effects by edges, etc.
To be able to measure IAM t for different transverse angles the longitudinal angle had to be kept equal to zero. This was measured by facing the collector towards the solar azimuth for various tilt angles. This is illustrated in Figure 4 .
The incidence angle modifier is applied for the direct radiation only. However, even during clear days, there is always a percentage of diffuse light that contributes to the measured power output, which becomes relevant for low concentrating collectors such as this one.
The fraction of useful diffuse radiation for the concentrating collector relative to the total diffuse radiation on the glazed cover of the collector is described by Figure 5 . The pyranometer, labelled (A), will see ( ) (1cos)2 β + of the full sky. This is the same as for the front side of the receiver, labelled (B). They thus see the same part of the diffuse sky and it would be a correct assumption when a non-concentrating collector is tested. This is however not the case for the backside of the receiver. The acceptance angle for the reflector blocks a substantial part of the sky. This part is indicated with red arrows in Figure 5 . The radiation that will strike the backside of the receiver comes from the radiation labelled (C) and is equal to the radiation measured by the pyranometer minus half the sky due to the acceptance angle. This is true for positive tilt, i.e. the leftmost illustration in Figure 5 .
The right-hand illustration shows the case for tilting the reflector backwards. The pyranometer (D) and the front side (E) of the receiver are unaffected. However, the backside radiation (F) will be half of the sky as long as the tilt β is less than 90°. This happens since the part outside the acceptance angle is now facing the ground. Thus the part of the diffuse radiation inside the acceptance angle is always half of the sky.
The fraction, f, of the diffuse radiation that is useful for the collector can be calculated by summing the contributions from the front side and the backside of the receiver and dividing this by the diffuse radiation measured by the diffuse pyranometer. The front side of the receiver accounts for one third of the total glazed area while the backside, via the reflector, accounts for two thirds of the total glazed area. If the collector is rotated like the left side of the figure f will be: However, this is true for an infinitely long trough without any shading from the edges. This is not the case for the investigated collector. The front side of the receiver will be only slightly affected by shading and the shading effect is thus omitted. The shading of the backside will be more important. This is illustrated to the right in Figure 6 .
The black arrow, labelled 1, close to normal incidence will be reflected to the outermost PV cell. So will all rays coming from an even lower angle, e.g. rays labelled 2 and 3. For radiation with a higher incidence angle, the rays will be either reflected to hit another cell or be stopped by the edges. I.e. the outermost cell can only see roughly half of the diffuse sky. The problem is identical for the left side of the collector. This will reduce the contribution from radiation to the backside of the receiver, i.e. (C) and (F) in Figure 5 by approximately 50%. This will change equation (1) and equation (2) to: 
Measurements of the IAM t were carried out by varying the tilt β from -30° to +30°, see Figure 5 . Figure 7 shows a plot of equation (3) and equation (4) . The variation in the fraction of the useful diffuse radiation is small for this tilt interval. Hence, the fraction of useful diffuse radiation was set to be the average of its value and equal to 50%. The longitudinal incidence angle modifier (IAM l. ) was measured while keeping a constant θ t which corresponds to the measured maximum value of IAM t .
Results
Theoretical Estimate of the Maximum Output of the Collector
The produced electricity is the sum of the production on the front and back sides, equation (5). 
Due to the acceptance angle for the collector the radiation has to be divided into beam and diffuse radiation. The power from the backside is thus the sum of the two, equation (7).
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The electrical output from the back cells due to the beam radiation is the product of the total width of the cells, w, the height of the mirror, h, the transmission through the glass, τ , the reflection of the reflector, r, the efficiency of the cells, 
The electrical output from the diffuse radiation on the cells on the backside is calculated in equation (9). This is the product of the cell area of the back side, _ cellsback A , the transmission through the glass, the reflection of the reflector, the efficiency of the cells, the diffuse radiation and also the optical efficiency.
Inserting the values presented in Table 1 . into equations 5-9 gives a total maximum electrical output of 272W 
Electrical Efficiency Dependence on Temperature
The measured electrical efficiency per cell area for the PV/T hybrid collector at 25˚C is 20.9%, Figure 8 . Expressed per active glazed area the efficiency is 13.9%. This means that the maximum electrical power for a collector is 241 W or 139 W/m 2 active glazed area. As expected, this number is somewhat lower than the optimum output of 272 W for a perfect optical efficiency. Also, the dependence of electrical efficiency on temperature (K T ) is -0.4%/K, in good agreement with the common value for solar cells described in literature [4] . Figure 9 shows the electrical transverse and longitudinal incidence angle modifiers for the beam radiation, IAM t in blue and IAM l in red. The measured values are adjusted for temperature variations. The sharp increase/decrease around 0° for the IAM t is due to the radiation shifting from outside to inside of the acceptance angle. The IAM l for the front side and backside receivers is shown in yellow and green respectively. As shown, the front side receiver behaves like a flat plate solar panel. The backside receiver is the main responsible for the efficiency drop during low incidence angles in the longitudinal direction. 4. Discussion Figure 9 shows that when the collector is tracking around an axis aligned in the East-West direction it should maintain the projected solar height over the day between 5° and 10°. The drop in the longitudinal incidence angle modifier is due to the shading caused by the reflector edges. When 0°< θ l <30° the decrease in the IAM l is apparent. This corresponds to partial shading on the first cell placed at the edge of the backside receiver. At around θ l =30° the cell on the edge on the backside is totally shaded, eliminating almost completely the production of that string. Shading more cells when θ l >30° will not imply a further production decrease on that string and thus, the total efficiency decrease slows down.
Incidence Angle Modifiers for Beam Radiation
If there was no diode installed on the string the drop would be double, since the strings are connected in series.
I.e. the total IAM would drop to about 0.5 and not just to the 0.75 as seen in the figure. This is even more clearly seen, if the numbers for the cells on the backside of the absorber are studied. Here the value drops from 0.58 to 0.29, i.e. a 50% reduction. As can be seen from the same figure the front side is less affected by the shading. The IAM t shown in Figure 9 is in agreement with previous measurements for the thermal production of a solar thermal collector with the same geometry [2] . The PV/T hybrid collector is made of two different parts. A front part where the solar cells behave like a flat plate solar panel under no concentration and a back part under concentration using a reflector. Since there is no synergic effect from combining non-concentrating solar cells with concentrating solar ones, only one of these alternatives should be the most cost-effective way of building a solar collector rather than a combination of both. The choice between a concentrating or non-concentrating system depends on the concentration factor, the fraction of diffuse and beam irradiation in the geographical location and the compactness needed for the collector.
The reflector part of the collector concentrates the radiation two times on the back side receiver. If the optical efficiency is around 50%, meaning that, under optimum conditions, the collector produces the same electrical output as a flat plate solar panel for the same temperature. This conclusion would change significantly, if the concentration factor were increased and the optical efficiency maintained. Hence, the concentration factor has an important influence on the output per cell area. One way of increasing the concentration could be to reduce the cell area on the backside of the receiver while using a tracking system. This can be done by cutting the cells in half or in thirds in the parallel direction of the busbars. The effect of the radiation profile after reflection should be further investigated.
As shown in Figure 8 , a limitation of this study is the reduced amount of measured data for the dependence of efficiency on the temperature. Measurements were also carried out with cheaper sensors in order to verify the possibility of building low investment scientific solar laboratories in developing countries. The overall accuracy of measurement with such sensors was lowered to approximately 9%, but with a cost reduction of above 90% [5] .
Conclusions
The optical properties of a PV/T CPC-collector were determined. These include the electrical transverse and longitudinal incidence angle modifiers, taking into account edge effects, by-pass diodes, acceptance angle and diffuse radiation contribution. The measured electrical efficiency at 25°C outlet water temperature was 20.9% per cell area and 13.9% per active glazed area. Such efficiencies occur during peak hours. During a large period of the day the output is significantly reduced by the reflector edges as shown by the IAM-measurements. This represents a big margin of improvement for the collector. By removing the cells on the edge, turning the edge cells 90°, dividing the string into three or four parts and tracking the collector around an axis oriented in the NorthSouth direction, the collector performance can be significantly improved and is now under study. Hence, the annual production can become competitive with a flat plate solar panel while, at the same time, producing hot water.
